Involvement of Rab9 and Rab11 in the intracellular trafficking of TRPC6  by Cayouette, Sylvie et al.
Biochimica et Biophysica Acta 1803 (2010) 805–812
Contents lists available at ScienceDirect
Biochimica et Biophysica Acta
j ourna l homepage: www.e lsev ie r.com/ locate /bbamcrInvolvement of Rab9 and Rab11 in the intracellular trafﬁcking of TRPC6
Sylvie Cayouette, Simon M. Bousquet, Nancy Francoeur, Émilie Dupré, Michaël Monet, Hugo Gagnon,
Youssef B. Guedri, Christine Lavoie, Guylain Boulay ⁎
Department of Pharmacology, Faculty of Medicine and Health Sciences, Université de Sherbrooke, 3001–12th Avenue North, Sherbrooke, Quebec, Canada J1H 5N4Abbreviations: Ca2+i, intracellular Ca2+ concentratio
CCh, carbachol; CFTR, cystic ﬁbrosis transmembrane
enhanced green ﬂuorescent protein; ENaC, epithelial sod
S-transferase; HA, hemagglutinin antigen; HBSS, Hep
inositol 1, 4, 5-trisphosphate; PBS, phosphate buffer
coupled receptor; TRP, transient receptor potential; TR
vanilloid
⁎ Corresponding author. Tel.: +1 819 820 6868x1 54
E-mail address: Guylain.Boulay@USherbrooke.ca (G.
0167-4889/$ – see front matter © 2010 Elsevier B.V. A
doi:10.1016/j.bbamcr.2010.03.010a b s t r a c ta r t i c l e i n f oArticle history:
Received 13 August 2009
Received in revised form 10 March 2010
Accepted 16 March 2010







EndosomeTRPC proteins become involved in Ca2+ entry following the activation of Gq-protein coupled receptors.
TRPC6 is inserted into the plasma membrane upon stimulation and remains in the plasma membrane as long
as the stimulus is present. However, the mechanism that regulates the trafﬁcking of TRPC6 is unclear. In the
present study, we highlighted the involvement of two Rab GTPases in the trafﬁcking of TRPC6. Rab9 co-
localized in vesicular structures with TRPC6 in HeLa cells and co-immunoprecipitated with TRPC6. When co-
expressed with TRPC6, Rab9S21N, a dominant negative mutant, caused an increase in the level of TRPC6 at the
plasma membrane and in TRPC6-mediated Ca2+ entry upon activation by a muscarinic receptor agonist.
Similarly, the expression of Rab11 also caused an increase in TRPC6 expression at the cell surface and an
increase in TRPC6-mediated Ca2+ entry. The co-expression of TRPC6 with the dominant negative mutant
Rab11S25N abolished CCh-induced TRPC6 activation and reduced the level of TRPC6 at the plasma membrane.
This study demonstrates that the trans-Golgi network and recycling endosomes are involved in the
intracellular trafﬁcking of TRPC6 by regulating channel density at the cell surface.n; BSA, bovine serum albumin;
conductance regulator; EGFP,
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Increases in intracellular calcium ([Ca2+]i) regulate important
cellular functions, including cell growth, differentiation, contraction,
and secretion [1,2]. The increase in [Ca2+]i is initiatedby the activationof
phospholipase C β or γ causing the hydrolysis of phosphatidylinositol
4,5-bisphosphate and generating two second messengers, inositol
1,4,5-trisphosphate (IP3) and diacylglycerol. IP3 binds to its speciﬁc
receptor-channel on the endoplasmic reticulum and causes the ﬁrst
phase of Ca2+mobilizationby releasingCa2+ from the intracellular pool.
In the second phase, Ca2+ enters through the plasmamembrane, which
maintains [Ca2+]i above the basal level. No cellular activity has ever
been observed in the absence of this second phase of Ca2+mobilization.
Members of the TRPC family are involved in Ca2+ entry into cells upon
hormonal stimulation [3–5]. However, the precise mechanisms of the
activation and regulation of TRPCs are poorly understood.
Many recent studies have provided evidence for the hormone
stimulation-induced translocation of some TRPC family members to
the plasma membrane (for review see [6]). However, the intracellulartrafﬁcking mechanism of TRPC is unknown. Rab GTPases are known
for their roles in exocytosis and endocytosis [7]. The human genome
encodes for almost 70 Rab GTPases, and many of them are conserved
from yeast to human. The different Rab GTPases are localized to the
cytosolic face of speciﬁc intracellular membranes, where they
function as regulators of distinct steps in membrane trafﬁc pathways,
from the control of cargo to budding, targeting, docking, fusion, and
motility [8–10]. Many studies have shown the involvement of speciﬁc
Rab GTPases in the trafﬁcking of lipids and cholesterol, the recycling of
many G protein-coupled receptors, and the trafﬁcking of channels
such as CFTR, ENaC, TRPV5/V6, Drosophila TRP, and aquaporin-2
[11–24]. As Rab GTPases are key proteins involved in the regulation of
vesicle trafﬁcking, each one controlling distinct steps, we evaluated
the role of three important Rabs in the intracellular trafﬁcking of
TRPC6. Rab9 is involved in the transport of proteins between the late
endosome and the trans-Golgi network [25–27] whereas Rab11 is
known to be associated with post-Golgi membranes, including the
trans-Golgi network and the perinuclear recycling endosome, which
regulate the slow return of recycling receptors to the plasma
membrane [25,28,29]. Rab4 is involved in the transport of proteins
from the early endosome to the plasma membrane, which represents
the fast recycling pathway [25,30]. Our results show that Rab11 and
the dominant negative isoform of Rab9, Rab9S21N [27], increase the
expression of TRPC6 at the cell surface and increase agonist-induced
TRPC6-mediated Ca2+ entry. The intracellular localization of TRPC6
and TRPC6-mediated Ca2+ entry were unaffected by Rab4 or by the
dominant negative isoform of Rab4, Rab4N121I [31]. Our results thus
suggest that TRPC6 recycles through the trans-Golgi network.
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2.1. Materials
Cell culture media, serum, Hepes, trypsin, Opti-MEM I, and
Lipofectamine 2000 were purchased from Invitrogen (Burlington,
ON, Canada). Carbachol and fura-2/AM were from Calbiochem (San
Diego, CA, USA). Rabbit polyclonal anti-TRPC6 antibody was from
Chemicon (Temecula, CA, USA). Rabbit polyclonal and mouse
monoclonal anti-hemagglutinin (HA) antibodies were from Covance
(Berkeley, CA, USA). Protein-A sepharose beads, glutathione-
sepharose 4B beads, peroxidase-conjugated sheep anti-mouse, and
peroxidase-conjugated donkey anti-rabbit antibodies were from GE
Healthcare (Baie d'Urfé, QC, Canada). Alexa Fluor 488 (green) goat
anti-rabbit and Alexa Fluor 594 (red) goat anti-mouse antibodies
were from Molecular Probes (Burlington, ON, Canada). Western
Lightning Chemiluminescence Reagent Plus was from PerkinElmer
Life Sciences (Woodbridge, ON, Canada). Sulfo-NHS-SS-Biotin and
streptavidin-agarose beads were from Pierce (Pierce Biotechnology,
Rockford, IL, USA). The cDNA encoding for the full length human Rab4,
Rab4N121I, Rab9, Rab9S21N, Rab11, and Rab11S25N, all subcloned in the
expression plasmid pcDNA-3, were a generous gift of Dr Jean-Luc
Parent (Université de Sherbrooke). The GST-tagged 110 C-terminal
amino acid fragment of GCC185 was a generous gift from Dr Suzanne
Pfeffer from the department of biochemistry, Stanford University [33].
The cloning of the mouse TRPC6 was described in [32]. Unless
otherwise stated, all other reagents were obtained from Sigma
(Oakville, ON, Canada).
2.2. Cell cultures and transfections
HEK293T cells and HEK293 stably expressing TRPC6 cells (T6.11)
were maintained in Dulbecco's modiﬁed Eagle's medium supplemen-
ted with 10% fetal bovine serum at 37 °C in a humidiﬁed atmosphere
containing 5% CO2. The cells were transiently transfected using
LipofectAMINE 2000 transfection reagent. Brieﬂy, 6-well plates were
treatedwith poly-L-lysine for 30 min, rinsedwith phosphate-buffered
saline (PBS) (137 mM NaCl, 3.5 mM KCl, 10 mM sodium phosphate
buffer, pH 7.4), and air-dried. DNA (1 µg) diluted in 250 µl of Opti-
MEM I was added to each well before adding 2,5 µl of LipofectAMINE
2000 diluted in 250 µl of Opti-MEM I. The mixture was incubated for
20 min at room temperature. HEK293T cells (7.0×105) diluted in
1.5 ml of culture medium without antibiotic were then added to the
DNA-LipofectAMINE 2000 complex and incubated for 24 h at 37 °C in
a humidiﬁed atmosphere containing 5% CO2. For T6.11 cells, transient
transfection were performed 24 h after the cells were plated at 5×105
cells/well with 5 µg plasmids DNA and 10 µl Lipofectamine 2000. The
content of one transfected well was used for immunoprecipitation
assays. For [Ca2+]i measurements, the content of a single well was
trypsinized, plated on three poly-L-lysine-treated coverslips, and
incubated for another 24 h. For cell surface protein experiments, the
content of a single well was trypsinized, transferred to a 60-mm dish,
and incubated for another 24 h. For confocal immunoﬂuorescence
microscopy, HeLa cells were grown on coverslips and transiently
transfected using Fugene6 transfection reagent (Roche Diagnostics,
Indianapolis, IN, USA) according to the manufacturer's instructions.
2.3. Biotinylation of cell surface proteins
Transiently transfected HEK293T cells grown in 60-mm dishes
were washed with HBSS (120 mM NaCl, 5.3 mM KCl, 0.8 mM MgSO4,
10 mM glucose, 1.8 mM CaCl2, 20 mM Hepes, pH 7.4) and treated as
required. The cells were placed on ice and washed twice with ice-cold
PBS with Ca2+/Mg2+ (PBS with 0.9 mM CaCl2 and 1 mM MgCl2) and
then incubated for 60 min at 4 °C with 2 mg/ml of Sulfo-NHS-SS-
Biotin in PBS with Ca2+/Mg2+. The biotinylation reaction wasterminated by washing the cells three times with ice-cold PBS
containing 10 mM glycine. The cells were then lysed with 500 µl of
ice-cold RIPA buffer (150 mM NaCl, 1% Nonidet P40, 0.5% deoxycho-
late, 5 mM EDTA, 0.1% SDS, 1 µg/ml of soybean trypsin inhibitor, 5 of
µg/ml leupeptin, 100 µM phenylmethylsulfonyl ﬂuoride, and 20 mM
Tris-HCl, pH 8.0) for 30 min at 4 °C followed by 20 passages through a
20-gauge needle and 15 passages through a 25-gauge needle. The cell
extracts were cleared by centrifugation and added to 100 µl of
streptavidin-agarose beads (50% slurry, pre-equilibrated in RIPA
buffer) and incubated for 16 h at 4 °C. The biotin-streptavidin-agarose
complexes were harvested by centrifugation and washed six times
with RIPA buffer. The beads were then resuspended in 2× Laemmli
buffer and incubated at 60 °C for 30 min before SDS-PAGE separation
and immunoblotting.
2.4. Immunoprecipitation assays
Transfected T6.11 cells were rinsed twicewith PBSwith Ca2+/Mg2+
and lysed with 1 ml of ice-cold lysis buffer (150 mM NaCl, 50 mM
Tris-HCl, pH 8.0, 1% Nonidet P-40, 0,5% deoxycholate, 0,1% SDS, 10 mM
sodiumphosphate buffer, 5 mMEDTA) supplementedwith proteases
inhibitors (9 nM pepstatin, 9 nM antipain, 10 nM leupeptin and
10 nM chymostatin (Sigma)). The cells were incubated for 30 min
at 4 °C with gentle agitation followed by ten passages through a
20-gauge needle and ﬁve passages through a 25-gauge needle. The
solubilized material was cleared by centrifugation for 20 min at
13,000 rpm at 4 °C. 50 µl of protein A-sepharose beads (50% slurry,
pre-equilibrated in lysis buffer) and anti-TRPC6 antibody (1:200)
was added to the supernatant, and the immunoprecipitation was
carried out at 4 °C for 16 h. Samples were centrifuged for 1 min at
3,000 rpm at 4 °C and then washed three times with 1 ml of ice-cold
lysis buffer. Immunoprecipitated proteins were dissolved in 50 µl
of 2× Laemmli buffer and boiled for 5 minutes before SDS-PAGE
preparation and immunoblotting.
2.5. GST fusion proteins and GST pull-down assays
Fragments encompassing amino acids 725-930, 732-835 and 828-
883 of TRPC6 were cloned in-frame into the pGEX-4T-1 plasmid to
express GST fusion proteins in Escherichia coli BL21. The expression of
GST fusion proteins was induced with 0.2 mM isopropyl-D-thioga-
lactoside for 2 h at 30 °C. The cells were subsequently collected by
centrifugation at 2,500 ×g for 15 min, sonicated on ice in binding
buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10%
glycerol, 0,5% Nonidet P-40, 5 mMDTT) supplemented with proteases
inhibitors (9 nM pepstatin, 9 nM antipain, 10 nM leupeptin and
10 nM chymostatin (Sigma)), and clariﬁed by centrifugation for
30 min at 2,500 ×g at 4 °C. The clariﬁed lysate was incubated with
glutathione-Sepharose beads for 1 h at room temperature and then
washed ﬁve times with ice-cold binding buffer. For the GST pull-down
experiments, lysates of cells transiently transfected with Rab9 were
incubated in the binding buffer containing 1 mM EDTA (to chelate
MgCl2) and 1 mM GTPγS or GDPβS for 30 min at 37 °C. Then, 11 mM
MgCl2 was added (to stabilize the association of Rab9 with exoge-
nous nucleotides) and the lysate was mixed with the sepharose
bead-bound GST, GST-CT6 (amino acids 725-930), or GST-GCC185
C-terminus. After 1 h at room temperature, sepharose beads were
washed with binding buffer and resuspended in 2× Laemmli buffer
and boiled for 5 min. The proteins were separated by SDS-PAGE and
transferred to a nitrocellulose membrane for Ponceau S staining and
immunoblotting.
2.6. Immunoblots
Cell lysates and immunoprecipitated proteins separated by
polyacrylamide gel electrophoresis were transferred to a 0.2 µm
Fig. 1. Cell surface expression of TRPC6 is enhanced by Rab9S21N and Rab11wt. TRPC6
was transfected in HEK293T cells with different Rab GTPases. The cells were chilled,
biotinylated with sulfo-NHS-SS-biotin, lysed, and incubated with streptavidin-agarose
beads as described in Experimental Procedures. A, Proteins precipitated by streptavidin-
agarose were separated by SDS-PAGE and detected with anti-TRPC6 (top). Aliquots (4%)
of the cell lysates were collected before the incubation with streptavidin-agarose and
analyzed directly by immunoblotting to determine the total amount of TRPC6 in the
samples (bottom). B, Immunoblots in Awere scanned and TRPC6 bands were quantiﬁed
using ImageJ software. Ratio of biotinylated-TRPC6 / total TRPC6 were graphed
relatively to pcDNA-3-transfected control cells (n=4).
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Tris-base, and 20% methanol (350 mA for 3 h or 100 mA overnight at
4 °C). Blots were stained with Ponceau S to visualize marker proteins,
destained with TBST (20 mM Tris-HCl, pH 7.5, 137 mM NaCl, 0.3%
Tween 20), and blocked for either 1 h at room temperature or
overnight at 4 °C in TBST containing 5% (w/v) nonfat dry milk. The
blots were then incubated for 2 h at room temperature or overnight at
4 °C with mouse anti-HA (1:1000) in TBST. After three washes with
TBST, the membranes were incubated with peroxidase-conjugated
sheep anti-mouse (1:10,000) for 90 min at room temperature in TBST.
The blots were washed three times with TBST, and the immune
complexes were visualized using the Western Lightning Plus
detection system.
2.7. Measurement of [Ca2+]i
We used themethod described by Zhu et al. [34] tomeasure [Ca2+]i.
Brieﬂy, HEK293T cells attached to poly-L-lysine-treated coverslipswere
washed twice with HBSS and loaded with fura-2/AM (0.2 µM in HBSS)
for 20 min at room temperature in the dark. After a de-esteriﬁcation
step (washing and incubating in fresh HBSS for 30 min at room
temperature), the coverslips were inserted into a circular open-bottom
chamber and placed on the stage of a Zeiss Axovert microscope ﬁtted
with an Attoﬂuor Digital Imaging and Photometry System (Attoﬂuor
Inc., Rockville, MD). Some 40–50 isolated fura-2-loaded cells were
selected. The [Ca2+]i in the cells was measured by ﬂuorescence
videomicroscopy at room temperature using alternating excitation
wavelengths of 334 and 380 nm (10 nm bandpass ﬁlters) and emitted
ﬂuorescence was monitored through a 510 nm dichroic mirror and a
520 nm long pass ﬁlter set. Free [Ca2+]i was calculated from the 334/
380 ﬂuorescence ratios based on the method of Grynkiewicz et al. [35].
All reagents were diluted to their ﬁnal concentrations in HBSS and
applied to the cells by surface perfusion.
2.8. Confocal immunoﬂuorescence microscopy
Sixteen hours after transfection, HeLa cells were washed twice in
room temperature PBS and ﬁxed with ice-cold 3% paraformaldehyde
in PBS for 30 min at room temperature. The cells were washed twice
in PBS and treated with 50 mM NH4Cl for 10 min. Cells were then
permeabilized with 0.1% Triton X-100 in PBS for 10 min at room
temperature. Non-speciﬁc binding was blocked with 10% goat serum
in PBS for 30 min at room temperature after which the cells were
incubated for 1 h at room temperature with primary antibodies
diluted in 10% goat serum in PBS, washed three times with 1% goat
serum in PBS, and incubated for 45 min at room temperature with the
ﬂuorophore-conjugated secondary antibodies diluted in 10% goat
serum. The coverslips were washed three times in 1% goat serum then
twice in PBS and mounted in 1% n-propyl-gallate in a 1:1 mix of PBS
and glycerol. For experiments with nocodazole, HeLa cells were
washed twice with PBS at room temperature, incubated for 30 min
with DMEM containing 20 μM nocodazole and then ﬁxed with
paraformaldhehyde as described above. The coverslips were exam-
ined using an inverted confocal laser-scanning microscope (FV1000,
Olympus) equipped with a PlanApo 60×/1.42 oil immersion objective
(Olympus, Tokyo, Japan). Laser intensity and detector sensitivity
settings were kept constant for all images acquisitions. Olympus
Fluoview software version 1.6a was used for image acquisition and
analysis. Images were further processed with Adobe Photoshop
software (Adobe Systems, San Jose, CA, USA). The following antibodies
were used: mouse anti-HA (1:1000), rabbit anti-TRPC6 (1:50), Alexa
Fluor 488-conjugated goat anti-rabbit IgG (1:300), and Alexa Fluor
594-conjugated goat anti-mouse IgG (1:300). Alexa Fluor 488 was
excited at 488 nm using an argon laser and emitted ﬂuorescence was
monitored through a 405/488/543 nm dichroic mirror and a 500 nm
to 530 nm bandpass ﬁlter set. Alexa Fluor 594 excited at 543 nm usinga Green Helium-Neon and emitted ﬂuorescence was monitored
through a 560 nm dichroic mirror and a 580 nm to 680 nm bandpass
ﬁlter set.
3. Results
3.1. Modulation of the trafﬁcking of TRPC6 to the plasma membrane by
Rab9 and Rab11
As Rab GTPases are required for the intracellular trafﬁcking of
proteins, we used GDP-locked dominant negative forms of Rab9 and
Rab11 and nucleotides binding deﬁcient dominant negative form of
Rab4 to determine the intracellular compartments to which TRPC6
trafﬁcs in HEK293T cells. We ﬁrst investigated the inﬂuence of these
Rab GTPases on the TRPC6 levels in the plasmamembrane. Cell surface
proteins were selectively biotinylated with the membrane-imper-
meant amino reagent sulfo-NHS-SS-biotin. The proteins were then
solubilized and incubated with streptavidin-agarose before immuno-
blotting with an anti-TRPC6 antibody. TRPC6 was barely detectable at
the plasma membrane of HEK293T cells transiently transfected with
TRPC6 alone (Fig. 1A). The expression of Rab9S21N or Rab11 increased
considerably the levels of TRPC6 at the plasma membrane. The
expression of Rab11S25N slightly decreased TRPC6 levels at the plasma
membrane (Fig. 1B). The expression of Rab4 and Rab4N121I did not
affect the levels of TRPC6 at the plasma membrane (data not shown).
3.2. Co-localization of Rab9 with TRPC6
The experiments described so far suggest that Rab9 and Rab11
inﬂuence the trafﬁcking of TRPC6. To determine whether TRPC6 can
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microscopy approach. HeLa cells were transiently transfected with a
plasmid DNA coding for TRPC6 and the Rab GTPase of interest
containing an HA epitope. Cells transfected with TRPC6 alone
displayed a diffuse staining throughout the cell with no clear labeling
around the cell (Fig. 2A). In cells expressing HA-tagged Rab9, TRPC6Fig. 2. Localization of TRPC6 under overexpression of Rab9wt, Rab9S21N, Rab11wt, and Rab11
They were then ﬁxed in paraformaldehyde, incubated with anti-TRPC6 and anti-HA antibod
using confocal immunoﬂuorescence microscopy. B, HeLa cells were transiently transfected
30 min before being ﬁxed. These images taken by confocal microscopy represent a single sdisplayed diffuse staining throughout the cell and also co-localized
within the Rab9-positive compartment (Fig. 2A). To conﬁrm that
TRPC6 co-localizes with Rab9, cells were treated with 20 µM
nocodazole, a microtubule depolymerizing agent, to disperse the
perinuclear structures. As shown in Fig. 2B, TRPC6 still displayed
diffuse staining throughout the cell and still co-localized within theS25N. A, HeLa cells were transiently transfected with TRPC6 and HA-tagged Rab GTPases.
ies, and revealed with Alexa Fluor 594- and Alexa 488-conjugated secondary antibodies
with TRPC6 and HA-tagged Rab GTPases, then were treated with 20 µM nocodazole for
ection of 0.2 µm thickness.
Fig. 4. Rab9 interacts with the C-terminus of TRPC6 independently of its activity state.
GST pull-down assays were performed as described in Experimental Procedures. A,
Lysates of cells transiently transfected with Rab9 were incubated for 1 h at room
temperaturewith sepharose bead-boundGST, GST-TRPC6 (amino acids 725-930), or GST-
GCC185 C-terminus, in the presence of 1 mM GTPγS or GDPβS. B, Lysates of cells
transfected with Rab9 were incubated for 1 h at room temperature with sepharose bead-
bound GST, GST-TRPC6 (amino acids 725-930), GST-732-835 (amino acids 732-835 of
TRPC6) or GST-828-883 (amino acids 828-883 of TRPC6) in the presence of 1 mMGDPβS.
GST pull-down complexes were analyzed by SDS-PAGE followed by immunoblotting.
Ponceau S staining of the membrane was used to reveal the protein levels in each lane.
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mutant Rab9S21N, TRPC6 was clearly more abundant at the cell
periphery and did not co-localize within the Rab9-positive compart-
ment (Fig. 2A). This increase of TRPC6 at the cell peripherywas seen in
65.5% (n=116) of the cells transfected with Rab9S21N whereas it was
seen in less than 1% of the cells transfected with Rab9. After treatment
with nocodazole, TRPC6 still showed a labeling at the cell periphery
but no co-localization with Rab9S21N (Fig. 2B). When co-expressed
with Rab11, TRPC6 was abundant at the cell periphery and did not co-
localize in the Rab11-positive compartment (Fig. 2A). On the other
hand, when co-expressed with the dominant negative mutant
Rab11S25N, TRPC6 did not show a clear labeling at the cell periphery
but instead exhibited diffuse distribution throughout the cytosol and
did not co-localize in the Rab11-positive compartment (Fig. 2A).
These results show that TRPC6 co-localizes with the Rab9-positive
compartment. The abundance of TRPC6 at the cell periphery upon
Rab9S21N and Rab11 overexpression is consistent with the detection of
TRPC6 at the plasma membrane using the biotinylation approach.
3.3. TRPC6 interacts with Rab9
As Rab GTPases are known to interact with many proteins, we
assessed the ability of TRPC6 to interact with Rab4, Rab9 and Rab11
using a co-immunoprecipitation assay. HEK293 cells stably expressing
HA-tagged TRPC6 were transiently transfected with HA-tagged Rab
GTPases. TRPC6 was immunoprecipitated by an anti-TRPC6 antibody,
and the presence of HA-tagged Rab GTPases in the immunoprecipitate
was revealed by immunoblotting with an anti-HA antibody. As shown
in Fig. 3, HA-tagged Rab9 and Rab9S21N co-immunoprecipitated with
TRPC6. Using the same approach, Rab11, Rab11S25N, Rab4, and
Rab4N121I were undetectable in the immunoprecipitate.
It is known that many effectors interact with Rab GTPases in either
their active or inactive state. To verify whether the interaction of
TRPC6 with Rab9 is dependent on the activity state of Rab9, we used a
GST pull-down assay in which lysates of HEK293T cells overexpres-
sing Rab9 were incubated with the C-terminus of TRPC6 (amino acids
725-930) coupled to GST immobilized on glutathione-sepharose
beads in the presence of GTPγS (active state) or GDPβS (inactive
state). Fig. 4A shows that Rab9 was efﬁciently retained to the C-
terminus of TRPC6 in the presence of either GTPγS or GDPβS. These
results suggest that the interaction between TRPC6 and Rab9 is
completely independent of the activaty state of Rab9. Ponceau S
staining of GST and GST-TRPC6 indicated that similar amounts of
fusion proteins were loaded on the gel (Fig. 4A). It was rather
unexpected that the interaction between TRPC6 and Rab9 is
independent of the activity state of Rab9. To make sure that the
nucleotide exchange occurred efﬁciently under our experimental
conditions, we performed a control experiment using the GST-
GCC185 C-terminus, which has already been shown to bind Rab9 in
a GTP dependent manner [33]. Fig. 4A shows that, under ourFig. 3. Rab9wt and Rab9S21N interact with TRPC6 in HEK293T cells. A, HA-tagged Rab
GTPases was transfected in HEK293 stably expressing TRPC6 cells (T6.11). The cells
were then lysed and TRPC6 proteins were immunoprecipitated with an anti-TRPC6
antibody. HA-TRPC6 and the HA-Rab GTPases were detected in the immunoprecipitate
using an antibody directed against HA epitope.experimental conditions, Rab9- GTPγS was retained on the GST-
GCC185 C-terminus whereas Rab9- GDPβS was not (ﬁg 4A). This
experiment indicated that the nucleotide exchange occurred efﬁ-
ciently under our experimental conditions, therefore conﬁrming that
the interaction between TRPC6 and Rab9 is independent of the
activity state of Rab9.
It was previously shown that the IP3 receptor type 3, calmodulin
and FKBP12 interact with the C-terminal tail of TRPC6 [36–38]. To
evaluate whether Rab9 interacts with the same binding sites, the
lysates of HEK293T cells overexpressing Rab9 were incubated with
the fragment encompassing amino acids 732-835 of TRPC6 coupled to
GST and also with the fragment encompassing the amino acids 828-
883 of TRPC6 coupled to GST. Fig. 4C shows that Rab9 did not bind to
these GST-fragments, suggesting that the interaction between Rab9
and the C-terminal of TRPC6 occurs at a site distinct from the binding
sites for IP3 receptor, for calmodulin, and for FKBP12.
3.4. Rab9S21N and Rab11 increase TRPC6-mediated Ca2+ entry while
Rab11S25N decreases Ca2+ entry
As Rab9S21N, Rab11 and Rab11S25N affect the cell surface
expression of TRPC6, their impact on TRPC6-mediated Ca2+ entry
was determined. After transfection with the appropriate Rab,
HEK293T cells were loaded with fura-2 and incubated for 30 s in a
Ca2+-free medium before depletion of their intracellular Ca2+ stores
with 2 µM CCh. Once the [Ca2+]i had returned to the basal level,
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the absence of extracellular Ca2+, 2 µM CCh produced a transient
elevation of [Ca2+]i due to the depletion of the intracellular Ca2+
store. This transient elevation was of the same amplitude in cells
overexpressing TRPC6 and in mock transfected cells (Fig. 5). The
addition of 1.8 mM CaCl2 to the external medium caused a rapid and
sustained entry of Ca2+ that reached the amplitude of 318±26 nM in
mock transfected cells. The addition of external Ca2+ to cells
overexpressing TRPC6 caused a more important Ca2+ entry which
reached the amplitude of 384±38 nM (Fig. 5). Co-expression of
Rab9S21N with TRPC6 signiﬁcantly increased the TRPC6-mediated net
Ca2+ entry that reached the amplitude of 452±36 nM, signiﬁcantlyFig. 5. Expression of Rab9S21N, Rab11, and Rab11S25N affect TRPC6-dependent Ca2+
entry in HEK293T cells. The M5 muscarinic receptor was transfected in HEK293T cells
with or without TRPC6 and various Rab GTPases. Traces in A) represent typical
experiment. Fura-2-loaded transfected cells were incubated in the absence of
extracellular Ca2+ (in the presence of 0.5 mM EGTA) for 30 s before being stimulated
with 2 µM CCh. External Ca2+ (1.8 mM) was restored at 180 s. The histogram in
B) represent the net Ca2+ entry obtained by subtracting the basal [Ca2+]i value
determined by the average of two values taken 3 to 6 s before restoring the extracellular
Ca2+ from the average of three values taken 57 to 63 s after restoring the extracellular
Ca2+ (*, pb0.02; Student's t test). Error bars representing the SD of 4 experiments, each
containing between cells 15 to 50 cells. The immunoblot in C) represents the level of
TRPC6 under co-expression of Rab9 and Rab11. HA-tagged TRPC6 was transfected in
HEK293T cells with HA-tagged Rab9, Rab11, Rab9S21N, or Rab11S25N. The cells were then
lysed and HA-TRPC6 or HA-Rab GTPases were detected by immunoblot using antibody
directed against HA epitope.higher than the amplitude reached in cells transfected exclusively
with Rab9S21N (323±47 nM, n=4). Unexpectedly, cells transfected
exclusively with Rab9 showed an enhanced CCh-induced Ca2+ entry
that reached the amplitude of 411±72 nM, a value higher than that
observed in cells that had not been transfected (318±26 nM).
Although cells co-transfected with Rab9 and TRPC6 tended to have
amore important CCh-induced Ca2+ entry that reached the amplitude
of 478±70 nM, this value was not signiﬁcantly different from that
observed in cells transfected exclusively with Rab9. Therefore, as
expected, blocking the trafﬁcking between the late endosome and the
trans-Golgi network caused an increased expression of TRPC6 at the
cell surface and also caused an increased TRPC6-mediated Ca2+ entry.
Co-expression of TRPC6 with Rab11 also signiﬁcantly increased
TRPC6-mediated net Ca2+ entry that reached the amplitude of 446±
41 nM, a value signiﬁcantly higher (by 93 nM) than that observed in
cells transfected exclusively with Rab11 (353±36 nM, n=4). As
expected, co-expression of TRPC6 with Rab11S25N abolished TRPC6-
mediated net Ca2+ entry that reached the amplitude of 457±108 nM,
similar to the value observed in cells transfected exclusively with
Rab11S25N (452±130 nM). Fig. 5C shows that the total expression of
TRPC6 was not affected by the co-expression of Rab GTPases and their
dominant negative mutants. Therefore, these results obtained with
a functional Ca2+ measurement approach are also consistent with
those obtained with the biotinylation and the immunoﬂuorescence
approaches.4. Discussion
Intracellular trafﬁckingof TRP channelshas emergedas an important
regulatory process for their activation [6]. Previous studies showed that
TRPCs translocate to the plasmamembranewhen a GqPCR or a tyrosine
kinase receptor is activated [39–42]. In the present study, we
investigated the role of Rab GTPases in the intracellular trafﬁcking of
TRPC6 in HEK293 and HeLa cells. We showed that the cell surface
expression of TRPC6 and its Ca2+ entry activity are inﬂuenced by Rab11
and by the dominant negative mutants Rab9S21N and Rab11S25N. Rab9
and Rab11 are well known for their involvement in the transport into
and out of the trans-Golgi network and of the recycling endosomes
[25,26,29]. We also observed that Rab4 and its dominant negative
mutant Rab4N121I did not inﬂuence the cell surface expression of TRPC6
(data not shown). Rab4 is involved in the transport of early endosomes
to the plasmamembrane and controls the fast recycling pathway. Taken
together, our results show thatTRPC6 trafﬁcs through the slow recycling
pathway, which involves the late endosome/trans-Golgi network
compartments (Fig. 6).
Rab GTPases are not only involved in different recycling pathways
but also in the constitutive and regulated secretory pathways. Recycling
endosomes may act as intermediates between the trans-Golgi network
and the plasma membrane for some newly synthesized proteins [43].
The three Rab GTPases used in this study are mainly involved in the
recycling pathway and do not play a major role in other transport
pathways from the trans-Golgi network to theplasmamembrane. In our
system, the expression of the M5 receptor, which is indirectly reﬂected
by the CCh-induced Ca2+ release assay, was unaffected by the
expression of Rab11S25N, suggesting that the constitutive exocytosis
pathway remained intact. Also, because the presence of TRPC6 at the cell
surfacewas undetectable after overexpression of Rab11S25N, we suggest
that newly synthesized TRPC6 does not use the conventional constitu-
tive exocytosis pathway to be transported to the cell surface, but enters
directly into the recycling pathway. This route is also utilized by GLUT4
and AQP2, which are stored in intracellular storage compartments and
are translocated to the plasma membrane through vesicular trafﬁcking
upon hormonal stimulation [44,45]. Therefore it appears that the effect
of the dominant negative mutants of Rab GTPases on TRPC6 trafﬁcking
were due to interference in the recycling pathway.
Fig. 6. A schematic model of Rab GTPase regulation of TRPC6 trafﬁcking. The
involvement of the Rab GTPases used in the present study is shown in bold.
Internalized TRPC6 trafﬁc ﬁrst to early endosomes and from early endosomes (EE),
TRPC6 is routed to late endosomes (LE), probably in an Rab7-dependent manner [54]. In
late endosomes, TRPC6 directly interacts with Rab9 and trafﬁcs to the trans-Golgi
network. TRPC6 is returned to the plasma membrane in an Rab11-dependant manner,
passing through recycling endosomes (RE).
811S. Cayouette et al. / Biochimica et Biophysica Acta 1803 (2010) 805–812Proteins could be recycled to the cell surface via either a direct
'fast' pathway or a parallel 'slow' route through the trans-Golgi
network and recycling endosomes [46–49]. The fast recycling
pathway is mainly controlled by Rab4. In our study, the over-
expression of Rab4 and its dominant negative mutant had no effect on
the expression of TRPC6 at the plasma membrane (data not shown).
On the other hand, the slow recycling pathway involves Rab9 and
Rab11. Since the overexpression of Rab9S21N delays the internalization
of TRPC6 and the overexpression of Rab11 and Rab11S25N affects in a
positive and negative fashion respectively the presence of TRPC6 at
the cell surface, we suggest that TRPC6 is recycled to the plasma
membrane through the slow Rab11-controlled route. Trafﬁcking from
the trans-Golgi network and recycling endosomes to the plasma
membrane is important for many proteins including the CFTR, ENaC,
Kv1.5, and KCNQ1/KCNE1 channels [15,50–53]. Four other TRP family
members recycle from the trans-Golgi network and recycling
endosome to the plasma membrane. A recent proteomic study has
identiﬁed Rab7 in an immunoprecipitate of TRPC3 solubilized from
crude rat brain membranes, under conditions that allow the retention
of TRPC3 function [54]. Rab7 is mainly involved in trafﬁcking from
early endosome to late endosome, a step in the slow recycling
pathway [25,55]. In Drosophila photoreceptors, Rab11 is required for
the transport of TRP to the rhabdomere [16]. Rab11 is also involved in
the trafﬁcking TRPV5 and TRPV6 to the plasma membrane [23].
Our results show that Rab9, but not Rab11, co-immunoprecipitates
with TRPC6 in cellulo. However, this interaction is independent of
which guanine nucleotide is bound to the GTPases. The independence
of the activation states of Rab GTPases has also been observed in the
interactions between Rab11 and TRPV5/TRPV6 [23]. Also, Kv1.5 was
shown to bind both active and inactive conformations of Rab4, with a
preference for the active form [50]. A possible explanation could be
that those proteins can interact with Rab-GDP and allow directly or
indirectly the exchange of GDP for GTP. The Rab-GTP could then
recruit Rab effectors to promote the trafﬁcking. In conclusion, our
results clearly demonstrate that the trans-Golgi network and recycling
endosomes are involved in the intracellular trafﬁcking of TRPC6 by
regulating channel density at the cell surface, and thus participate in
the regulation of hormone-induced calcium signaling.Acknowledgements
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